Abstract-A new gate driver has been designed and fabricated by amorphous silicon (a-Si) technology. With utilizing four clock signals in the design of gate driver on array (GOA), the pull-up transistor has ability for both output charging and discharging, and layout size of the proposed gate driver can be narrowed for bezel panel application. Moreover, lower duty cycle of clock signals can decrease static power loss to further reduce the overall power consumption of the proposed gate driver. The scan direction of the proposed gate driver can be adjusted by switching two direct control signals to present the reversal display of image. The proposed gate driver has been successfully demonstrated in a 4.5-inch WVGA 480 800 TFT-LCD panel and passed reliability tests of the supporting foundry.
I. INTRODUCTION
I N RECENT YEARS, a variety of portable electronic devices have been introduced with small displays such as cellular phone and PDA (Personal Digital Assistants). Displays for portable electronic devices require high resolution, light-weight, and low power consumption. Therefore, the integrated gate driver using amorphous silicon (a-Si) technology for the TFT-LCD has become the main stream due to the mature manufacturing, low-cost processing, and elimination of the gate driver ICs [1] - [12] . Nevertheless, design of the integrated gate driver by a-Si encounters three main challenges which are the low field-effect mobility, low reliability issue under high voltage stress, and the lack of P-type transistor. In order to alleviate the low mobility restriction, the thousands micro-meter width of the main driving TFT is required to drive the gate line of the panel. But the large parasitic capacitance affects the performance of circuit. In addition, the reliability issue of the integrated gate driver is as well as a notable challenge. While a-Si TFT suffers the DC-bias shift which results from charge trapping and defect creation leads to shorten the life time of the integrated driver [13] - [17] . Besides, the structure of a-Si gate driver using only N-type transistor increase the difficulty of design for panel application.
So far, a-Si integrated gate driver was originated from Thomson's shifter register which was made up of four transistors and one capacitor merely [2] , [3] , and many methods have been developed to improve the circuit [5] - [8] . For the prior arts, the circuit style of diode connection degrades the output rise time due to the threshold voltage drop on gate voltage of pull-up transistor, hence the before work [18] proposed a high rising time gate driver with a threshold voltage drop cancellation technique that decreases output rise time by 24.6% for high resolution display application. However, the switching times of clock signals (Clk and XClk) with 50% duty cycle and large size of pull-up and pull-down transistors in before work caused high power consumption.
Besides, Chun et al. [19] developed the bidirectional gate driver circuit with a-Si:H technology to change direction of vertical scan depending on the polarity of two control signals. Furthermore, Lin et al. [20] proposed a bidirectional gate driver circuit using the carrier buffer TFT to select the direction of transfer and does not suffer from the shift in the threshold voltage.
In this work, the pull-up transistor is designed to has ability for both output charging and discharging with low duty cycle (25%) clock signals in proposed gate driver circuit, and the parasitic capacitances and layout size of gate driver are be narrowed for bezel panel application. Moreover, lower duty cycle of clock signals can decrease static power loss to further reduce the overall power consumption of the proposed gate driver. Besides, high performance bidirectional gate driver circuit is designed by simply switching two direct controlling signals with size reducing. The reversal display of image can easily be presented in proposed gate driver by only exchanging the polarity of control signals.
II. OPERATION OF THE PROPOSED INTEGRATED GATE DRIVER

A. Proposed Integrated Gate Driver for Single Direction Scanning
The block diagram of the proposed low power integrated gate driver circuit is shown in Fig. 1(a) , which is composed of the 1551-319X/$31.00 © 2013 IEEE input signals ( and ), control signals (Clk1 and Clk3), feedback signal , and output signal . Fig. 1(b) depicts the connections among the proposed low power integrated gate driver circuit stages for TFT-LCD application. The block manipulation is activated while start signals (In1 and In2) input a high voltage level to . A pulse signal is subsequently generated at and being acted as one of start signals for . Accordingly, sequential pulse signal can be periodically transferred stage by stage for feeding the whole gate lines of the pixel array in TFT-LCD. Fig. 2 (a) presents the schematic diagram of the proposed low power integrated gate driver with its corresponding waveforms in Fig. 2(b) . The high and low voltage levels in Fig. 2 (b) are defined as Vdd and Vss, respectively. Moreover, for the proposed circuit, the four clock signals have different phases and the duty of each clock signal is 25%. The operation can be divided into nine periods noted from T1 to T9. In the T1 period that Clk3 is high, M2, and M4 are turned on by Out[n-2] and Clk3. The other transistors are turned off. At this moment, is Vss through M4 and is charged by M2. Next, in the T2 period, only M1 is turned on and others are turned off. The is charger higher due to the second time charging. At the meanwhile, the is still connects to Vss because of the on state of M3. After two periods of charging at , the final voltage is completely charge to Vdd-Vth.
In the T3 period, M1, M2, M4, and M5 are turned off by , , Clk3, and . Clk1 becomes high voltage level and then is charged by M3. At this moment, is boosted through Cb from Vdd-Vth to a higher voltage level which is labeled as Vb in Fig. 2(b) . The high provides M3 charging with large current which is relative to the width of M3 as well. On the other hand, M6 turns on slightly at the transient of Clk1 from Vss to Vdd. However, this turn on process is swift and turned off immediately because of M7 connects to high voltage previously. In the T4 period, all the TFTs and voltages maintain their last state except the discharges because Clk1 is low in this period as well as decreases to Vdd-Vth caused by coupling from the capacitor Cb. In other words, M3 is the main role for charging and discharging as shown in Fig. 3 , the width of M4 is narrowed and the layout of the proposed gate driver can be constructed with miniature size. Then, in T5 period, M4 and M5 are turned on by Clk3 and . Others keep at off states and is discharged to Vss an is maintaining at Vss because of M4. Although the discharge capacity of M5 is not strong enough, the speed of discharge doesn't influence the operation because Clk1 is at low voltage which is connected to while is at high voltage. The steps of delivering a gate line pulse at complete the remaining operation periods are used for the noise immunity.
In T6 period, the is stationary, and are kept at low voltage. Next period, T7, which Clk1 is high and results in noise, the is coupled by Clk1 through parasitic capacitances and results in charging at . At meanwhile, M6 is used for eliminating the noise at . The Clk1 couples through C1, which is large enough to get high couple voltage at , and M6 is turned on by so as to discharge the disturbance at . In the T8 period, the Clk1 transits from high to low voltage level at the beginning of this period. The variation is coupled to and affects , this makes voltages of and become slightly negative. Finally, in T9 period, M4 is turned on by Clk3 and then connects with Vss, that is, make sure is stable at low voltage level. Successively, the following periods replicate the steps from T6 to T9 orderly until the next start signals (In1 and In2) come up. 
B. Proposed Integrated Gate Driver for Bidirectional Scanning
The block diagram of the bidirectional gate driver is shown in Fig. 4(a) , which is composed of one input signals , control signals (Clk1, Clk3, Vdd_f and Vdd_b), feedback signals , and output signals . Fig. 4 (b) depicts the connections of the driver blocks. For the forward scan direction, the block manipulation is activated while two start signals (In1_f and In2_f) input a high voltage level to and . A pulse signal is subsequently generated at and being acted as the start signal for . Accordingly, sequential pulse signal can be periodically transferred stage by stage for feeding the whole gate lines of the pixel array in TFT-LCD. On the other hand, for the backward scanning, the start signals (In1_b and In2_b) are the impetus of the panel operation at that is the last stage of the gate driver circuit. The is the initiative signal of , and then the gate pulse appear at . Repeatedly, the operation among blocks is the same as the forward direction. The only difference is the opposite of the order of gate pulses. Fig. 5(a) presents the schematic diagram of bidirectional gate driver circuit with its corresponding waveforms in Fig. 5(b) . The high and low voltage levels in Fig. 5(b) are defined as Vdd and Vss, respectively. The operation of bidirectional gate driver circuit is similar to the original proposed circuit.
For forward scanning, the Vdd_f and Vdd_b are connected to Vdd and Vss, respectively. And the operation steps can be divided into nine periods, noted from T1 to T9. The T1 to T9 periods are the same as mentioned in Fig. 2 except the lack of M1. For the backward direction, the sequences of clock signals have been adjusted and the voltage level of Vdd_f and Vdd_b has to be exchanged. The operation is similar to forward direction where M2_b is used to charge the capacitor (Cb) in order to set node to high voltage level, and is reset by M1_f.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Simulation of the Proposed Integrated Gate Driver
The proposed integrated gate driver was designed and verified by HSPICE simulation with RPI a-Si TFT model provided by the foundry. The field-effect mobility and threshold voltage are 0.369 cm V s and 4.019 V, respectively. Table I indicates the device parameter (channel width (W) to channel length (L) aspect ratio and capacitors) of the proposed gate driver with the output loadings of each stage are one capacitor (17 pF) in parallel with one resistor (10 M ). The width of M3 of the proposed gate driver is designed with thousands micrometer for faster to pulling up and down the output loading of oscilloscope.
The input signals are two start pulses (In1 and In2), four clock signals (Clk1, Clk2, Clk3, and Clk4), and ground signal (Vss) with voltage levels from 25 to 0 V. Notice that the pulse width of each clock signal is 40 s with the operational period time of 160 s means the clock duty is 25%. Furthermore, a quarter of clock duty reduces the stress effect of prominent transistors cause of low stress time for TFT, especially the pull down transistor of M4. Fig. 6 illustrates the simulated waveforms of the proposed circuit from the first to the fourth stage. Sequential pulse signals have been successfully observed in Fig. 6 to verify the output function of proposed circuit. The rise time, fall time, and noise root mean square (RMS) voltage are represented in Table II , where the rise and fall times are defined by the time difference between 10% to 90% pulse voltage levels, the noise RMS is the root mean square voltage of from T6 to T9 periods. The power consumption of GOA is calculated from the clock signals and it can be divided into two parts: dynamic and static power, which are shown as follows: (1) The first term is the dynamic power loss from clock signals' transition. Where A is the fraction of gate actively switching, C is the input loading capacitance of GOA cells, f is the frequency of clock, and n is the whole number of clocks in gate driver. In the proposed circuit, although the number of clocks is doubled, the frequency of clocks and the capacitance of the same clock signal are reduced by half. It means that the dynamic power is halved in the proposed gate driver. Moreover, the proposed circuit deserts the pull-down transistor in before works to reduce the overall parasitic capacitance of GOA cells, so the dynamic power consumption is substantially reduced cause of smaller input loading capacitance. The second term presents the static power loss from the static current I and voltage source V and the main static power loss of GOA cells is from the leakage current of M3 (when , , and in Fig. 2(a) ), which is operated in forward sub-threshold region and its formula can be depicted as [21] ( 2) where and are the effective channel width and channel length.
1) Simulation of the Proposed Integrated Gate Driver for Single Direction Scanning:
denotes the boundary of the forward sub-threshold. Sf is the forward sub-threshold slope, is the magnitude of current in the sub-threshold region, and is gate to source voltage. For the TFT-LCD panel application, when switching transistor in pixel is turned off, the gate to source voltage of it is about 7 V and the leakage current is low. Nevertheless, when of GOA is Vss, the gate to source voltage of M3 is about 0 V and it induces larger leakage current to result higher static power consumption of GOA cells. For this reason, the lower duty cycle of clock signals of the proposed gate driver (25%) will reduce the duration of high voltage of the pull-up transistor   TABLE III  COMPARISON OF POWER SIMULATION BETWEEN PROPOSED CIRCUIT AND  BEFORE WORKS   TABLE IV  SIMULATED RESULTS OF BIDIRECTIONAL GATE DRIVER CIRCUIT FOR FORWARD SCANNING AND BACKWARD SCANNING (M3) that can achieve lower static power consumption. Consequently, Table III shows the average power of the proposed circuit (12.57 mW) which is much lower than the before work (32.2 mW) [18] , and the overall power reduction ratio is about 61%. Fig. 7(a) and (b) show the simulated waveforms of the proposed bidirectional gate driver circuit for forward and backward scanning. The simulated outputs results are shown in Table IV . Notices that the first outputs ( and ) and final outputs ( and ) are dummy stages and they are not shown in Fig. 7(a) and (b) Since the of dummy stages has no extra source such as M2_b in Fig. 5(a) to discharge it, the will be high if the Clk is in high period. Nevertheless, although the outputs of dummy stages are malfunction, there is no effect on the consequences of bidirectional gate driver circuit since they are not used to the gate lines of panel. 
2) Simulation of the Proposed Integrated Gate Driver for Bidirectional Scanning:
B. Measurement of the Proposed Integrated Gate Driver
For array verification, one hundred integrated gate driver which are manufactured on glass substrate in amorphous silicon technology. As shown in Fig. 8(a) , the measurement setups depict that the synchronous control signals (Clk, XClk, and In) are generated by the pulse card option for Keithley 4200 (4200-PG2), and the input range are set as 0 V to 25 V. Furthermore, digital oscilloscope is utilized to observe the output waveforms. The equivalent loading of its probes is one capacitor (17 pF) in parallel with one resistor (10 M ) which is equal to the simulation environment. Moreover, the probe card with 24 pins is applied for the connections between fabricated circuit and measurement equipments. Fig. 8(b) and (c) present the die photo of the proposed integrated gate driver and bidirectional gate driver circuit. Because the widths of M3 is designed with thousands micrometer for pulling up and down the output node , the larger layout area is occupied by M3 in Fig. 8(b) and (c). Fig. 9(a) shows the measured output waveforms of the gate driver circuit for single direction from the first to fourth stages ( , , , and ) and , , , and are shown in Fig. 9(b) The rising time, falling time, and noise RMS are represented in Table V. 2) Measurement of the Proposed Integrated Gate Driver for Single Direction: Fig. 10(a) and (c) shows the measured output waveforms of the bidirectional gate driver circuit from the first to fourth stages ( , , , and ) for the forward scanning and backward scanning. In addition, , , , and are shown in Notice that in Fig. 10 the outputs of final two stages for backward scanning, and , are malfunction because has no extra source such as M2_b in Fig. 5(a) to discharge it, therefore, the will be high if the Clk is in high period. Although the outputs of dummy stages are malfunction, there is no effect on the consequences of bidirectional gate driver circuit since they are not used to the gate lines of panel.
1) Measurement of the Proposed Integrated Gate Driver for Single Direction:
C. Panel Integration of the Proposed Integrated Gate Driver
A 4.5-inch WVGA panel has been fabricated with the proposed integrated gate driver, and its specification is summarized in Table VII . The resolution of the panel is with the contrast ratio of 1000:1 and the frame rate is 60 Hz, respectively.
Besides, the demonstrated 4.5-inch panels are passed the reliability tests of the supporting foundry for operating after the 1000 hours operation under 70 and conditions. Fig. 11 presents the photo of the proposed integrated gate Fig. 11 . Photo of the proposed integrated gate drivers that are allocated at the both sides of pixel array in a 4.5-inch WVGA panel. for each stage of gate driver is 2.62 for resistance and 40.4 pF for capacitance. For the sizes of TFTs of gate driver on panel are the some as the simulated sizes of TFTs. Fig. 12(a) shows the display image for forward scanning and Fig. 12(b) shows the reversal display of image for backward scanning of proposed gate drivers.
IV. CONCLUSION
A new gate driver using a-Si TFT technology has been successfully designed and fabricated for TFT-LCD application. The proposed gate driver utilizes four clock signals and only one output charge/discharge TFT to narrow the pixel size and achieve power reduction about 61%. Besides, the scan direction of the proposed gate driver can be adjusted by switching two control signals to accomplish the bidirectional function and it is as well as demonstrated on 4.5-inch WVGA panel successfully. Therefore, the proposed gate driver is quite appropriate for integration into to the high resolution and low power TFT-LCD panels.
